served for mammalian pseudogenes. Although this high rate of DNA loss may, in principle, be a result of either biased mutation or selection for smaller genome size (Charlesworth 1996; Petrov, Lozovskaya, and Hartl 1996) , we have been able to argue in favor of the mutational hypothesis by pointing out that the lengths of deletions are not positively correlated with the age of individual DOA Helena elements. Such positive correlation would be expected if the removal of DNA per se were selectively favored (Petrov, Lozovskaya, and Hartl 1996; Petrov and Hartl 1998) .
If such a high rate of DNA loss is shared by most sequences in the Drosophila genome, it would help to explain the paucity of pseudogenes, which may be created just as frequently as in pseudogene-rich taxa but would be eliminated from the genome through rapid DNA loss much more quickly in Drosophila. It might also shed some light on the long-standing mystery of the C-value paradox (Thomas 1971) by suggesting that the vast differences in genome sizes among organisms may be due in part to the differences in the rate of loss of ''junk'' DNA.
On the other hand, the high rate of DNA loss may be a peculiar property of Helena. Nothing about the distribution of deletions and insertions in Helena suggests that the sequence of this element should be particularly prone to deletions. The possibility nevertheless remains that Helena may suffer a disproportionately high deletion rate as a result of either being recognized as a transposable element or being multiply repeated in the genome. It has now been firmly established that in many organisms, including Drosophila (Henikoff and Matzke 1997; Pal-Bhadra, Bhadra, and Birchler 1997; Selker 1997; Yoder, Walsh, and Bestor 1997) , repeated sequences can be recognized and, in some cases, specifically inactivated, modified, and/or mutated. It has been hypothesized that the recognition and inactivation of repeated sequences may serve as a genomic defense mechanism against unchecked expansion of transposable elements (Bestor and Tycko 1996; Yoder, Walsh, and Bestor 1997) . Given these precedents, it seems not out of the question that the high rate of deletions in Helena and other transposable elements may be due solely to their repetitive nature. If this is indeed the case, such a system of targeted deletion of repetitive DNA would represent a remarkable new strategy of genomic defense against invading DNA sequences-a defense that not only functionally inactivates these sequences, but also prevents their persistence and accumulation in the genome.
The possibility that bona fide Drosophila pseudogenes may experience a lower rate of DNA loss than transposable elements such as Helena was highlighted recently by an investigation of molecular evolution of a pseudogene of Larval cuticle protein (Lcp) (Pritchard and Schaeffer 1997) . Unlike Helena, Lcp appears to experience deletions and insertions at almost equal frequencies (six deletions and five insertions). Because deletions in Lcp are larger than insertions, the overall rates of DNA loss are similar in Lcp and in Helena. Nevertheless, the Lcp analysis is in line with the prediction of an altered ratio of deletions to insertions in transposable or multiply repeated sequences.
There is yet another possibility. Like many other transposable elements, most copies of Helena reside in pericentric heterochromatin (unpublished data). Since Lcp resides in euchromatin, the difference in the profiles of length mutations between Lcp and Helena may be a reflection of different mutational spectra in euchromatin versus heterochromatin. To obtain additional evidence bearing on whether the preponderance of large deletions is an exclusive property of multiply repeated, transposable, or heterochromatic DNA, we investigated molecular evolution of another euchromatic bona fide Drosophila pseudogene, swallow (sww) (Chao et al. 1991) . Chao et al. (1991) first described sww in the course of their analysis of the functional sww gene. The pseudogene is located immediately downstream of the functional copy of sww and appears to be a relatively recent direct duplication. The sequences of both sww and sww are deposited in GenBank under the accession number X56023.
Several features of sww suggest that it is not functional. First of all, it does not appear to be transcribed, since no cDNA clones corresponding to sww have been found, and RNAse protection assays fail to protect probes specific to sww. While sww does have a long open reading frame, it is missing any recognizable upstream regulatory sequences and the start codon. Furthermore, if sww were transcribed and translated, the sww protein would be missing 160 amino acids from its amino end, in addition to four gaps of 1, 3, and 16 amino acids in the body of the putative protein, and the protein would terminate prematurely compared with the protein sequence of the functional sww gene.
Comparison of the functional sww and sww nucleotide sequences (table 1 and fig. 1 ) showed a moderate proportion of nucleotide differences (8.5%) and a significant number (13) of insertions/deletions. The majority of indels result in the shortening of sww compared with sww (10 vs. 3); accordingly, sww is 15% shorter than sww (1,643 bp vs. 1,933 bp). The indels range in size from 1 to 138 bp, with an average size of 37 bp and a standard deviation of 45 bp.
When comparing two sequences, it is generally not possible to determine whether differences correspond to mutations in one sequence or the other. However, because we are comparing a functionally constrained sequence of sww with an unconstrained sequence of sww, we may be justified in assuming that most observed differences are due to mutations that have occurred in the pseudogene. We have the strongest grounds for making this assumption for mutations that would be likely to have a large detrimental effect if they occurred in sww, which is the case for indels and replacement substitutions in the coding region of sww.
Using this rationale, we infer that all eight indels in the alignment of coding regions of sww and sww correspond to deletions in sww. Thus, the observed ratio of deletions to insertions in sww is 8 to 0, which is entirely consistent with the pattern observed in DOA copies of Helena (87 deletions vs. 10 insertions) ( 2 ϭ 0.92, P ϭ 0.34). On the other hand, it is significantly different, although only marginally, from the pattern observed in Lcp (6 deletions vs. 5 insertions) by Pritchard and Schaeffer (1997) ( 2 test, P ϭ 0.03; 2 test with Yates correction for continuity, P ϭ 0.056; Fisher's exact one-tailed test, P ϭ 0.04).
The assumption that all differences between a functional gene and its pseudogene are due to substitutions in the pseudogene is valid only for strongly deleterious mutations. Thus, it is likely that some of the nucleotide differences between sww and sww, especially those in synonymous positions, correspond to substitutions in sww. The nonuniform distribution of point substitutions among the three codon positions is consistent with this prediction: among 100 nucleotide polymorphisms, 26 polymorphisms map to the first position, 29 map to the second, and 45 map to the third ( 2 ϭ 6.26, P ϭ 0.04). This asymmetry is probably due to stronger purifying selection at mostly nonsynonymous first and second codon positions compared with the mostly synonymous third positions, resulting in a larger proportion of substitutions in the first and second positions than in the third positions taking place in sww. In order to avoid gross overestimation of the total number of substitutions in sww, we estimated the number of substitutions in sww by first calculating the proportion of replacement substitutions (Jukes-Cantor one-parameter method, K n ϭ 0.072) and then by scaling K n by the total number of positions in the alignment (1,149) to arrive at the estimate of 83 substitutions. The resulting proportion of nucleotide substitutions to the number of deletions (83 substitutions vs. 8 deletions) is consistent with the pattern observed for Helena (576 substitutions vs. 87 deletions) (G-test, P ϭ 0.22). (Note that this is a conservative estimate of the deletion rate, since it is likely that some replacement substitutions occurred in sww).
The most striking feature of deletions in the DOA copies of Helena in Drosophila is that they are on average more than seven times larger than deletions in mammalian pseudogenes (Petrov, Lozovskaya, and Hartl 1996; Petrov and Hartl 1998) . Because the rate of deletions in Helena is only 2.6 times as high as that in mammalian pseudogenes, it is primarily the vast difference in the average size of deletions that accounts for the 60-fold higher rate of DNA loss in Helena than in mammalian pseudogenes. It is therefore important to ascertain whether deletions in bona fide Drosophila pseudogenes are as large as those in Helena.
The eight deletions in the coding region of sww range in size from 3 to 138 bp, with an average length of 43 bp and a standard deviation of 51 bp. This is very 
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similar to the pattern observed in the D. melanogaster subgroup Helena data set (Mann-Whitney two-tailed U test, P Ͼ 0.05). In the case of DOA elements from the D. melanogaster subgroup, deletions range in size from 1 to 432 bp, with a mean of 34 bp and a standard deviation of 65 bp. Admittedly, because the overall number of deletions in sww is small, the power of comparison of the size distributions is low. But we can get a sense that these distributions are similar. In both cases, about half of all deletions are smaller than 10 bp-34 of 64 deletions in the D. melanogaster Helena data set (57%) and 4 of 8 deletions in sww (50%). Similarly, both distributions have a long right-hand tail. Importantly, the deletions in sww are at least as large as they are in Helena and occur at a similar rate when measured relative to the rate of point substitutions, indicating a similar rate of DNA loss. Indeed, based on the estimates of DNA loss from the D. melanogaster Helena data (Petrov and Hartl 1998), we would predict that the coding sequence of sww should be reduced by 22%, and, in fact, it is reduced by 23%.
Approximately 50% of deletions in both Helena data sets are flanked by short direct duplications of 2-7 bp in length, suggesting a homology-dependent mechanism of deletion formation, such as recombination or DNA replication slippage (Petrov, Lozovskaya, and Hartl 1996; Petrov and Hartl 1998) . The same is true for deletions in sww. Two of eight deletions are flanked by direct repeats of 2-4 bp (data not shown). Also, as is the case for deletions in Helena, there is no evidence of correlation between the presence or absence of direct duplications at the termini of a deletion and the deletion size.
Thus, it seems that the patterns of deletions and insertions in sww and in DOA copies of Helena are completely consistent with each other. Deletions in sww are frequent and large and significantly outnumber insertions, suggesting that the preponderance of large deletions in DOA copies of Helena is not an exclusive feature of multiply repeated, transposable, or heterochromatic DNA.
In addition to our analysis of sww, a recent molecular analysis of Adh retrosequences in the D. obscura species group (Luque, Marfany, and Gonzales-Duarte 1997) revealed a pattern of deletions and insertions very similar to those of Helena and sww. The authors observed 14 deletions, ranging in size from 1 to 34 bp, with an average of 10.1 Ϯ 12.2 bp, and 1 insertion of 6 bp. Similar to the distribution of deletion sizes in Helena and sww, approximately half are smaller than 10 bp (seven deletions of 1 bp, one of 2 bp, and one of 6 bp), and the rest are significantly longer than 10 bp (two of 22 bp and one each of 20, 28, and 34 bp). Because Adh retrosequences in the D. obscura group may not be evolving as pseudogenes, the observed pattern of deletions and insertions may reveal not only the spontaneous profile of mutations in these sequences, but also the action of natural selection. For instance, all but one deletion occur outside the open reading frame, suggesting that purifying selection has been acting to preserve the coding capacity of the Adh retrosequences. However, unless natural selection in Adh retrosequences strongly favors deletions over insertions, it is more likely that it is the bias in the mutational spectrum that is responsible for the preponderance of deletions in the retrosequences of Adh in the D. obscura group.
Based on the sww and Adh data, we would conclude that the preponderance of relatively large deletions among length mutations, as well as the high rate of DNA loss exhibited by DOA copies of Helena, is likely to be a general property of mutation in Drosophila. But what about Lcp? Pritchard and Schaeffer (1997) reported a ratio of six deletions to five insertions in Lcp, which is significantly different from the pattern in Helena (87 deletions and 10 insertions), that of retrosequences in Adh (14 deletions and 1 insertion), and that in sww (8 deletions and 0 insertions).
We have no ready explanation of why Lcp appears to be different. We would emphasize, however, that the only difference between the length mutations in Lcp and those in Helena or sww lies in the higher frequency of insertions observed in Lcp. The pattern of deletions in Lcp is not markedly different from that in either Helena or sww. In particular, the ratio of the number of fixed point substitutions (estimated using the Jukes-Cantor one-parameter method) and the number of deletions in the comparison of the D. simulans and D. melanogaster Lcp genes is 58 to 4. This ratio is not statistically different from that of sww (G-test, P ϭ 0.58) or that of Helena (G-test, P ϭ 0.10). Furthermore, deletion sizes in Lcp also appear to follow the distribution of deletion sizes in Helena and sww. At 9.2 Ϯ 11.6 bp, the average size of deletions in Lcp is somewhat smaller than that of Helena or sww deletions, but this difference is not statistically significant (for both comparisons, Mann-Whitney two-tailed U-test, P Ն 0.05). Moreover, the general pattern of approximately half of all deletions being smaller than 10 bp (four of six) with some deletions being much larger (in this case, 22 and 26 bp) is preserved in Lcp. The size distribution of insertions in Lcp is also very similar to that observed for Helena, for retrosequences of Adh, and for sww, with five deletions ranging in size from 1 to 3 bp. Therefore, despite the higher frequency of insertions in Lcp, the much larger average size of deletions relative to that of insertions still ensures a high rate of DNA loss.
All of the unconstrained sequences studied to date in Drosophila, both heterochromatic and euchromatic, transposable and nontransposable, multiply duplicated and not, seem to experience similar high rates of DNA loss. This pattern is inconsistent with the hypothesis of a high rate of DNA loss being a genomic defense strategy employed by organisms exclusively against multiply repeated invading sequences. It is consistent, however, with the idea that this high rate of DNA loss is a general property of the mutation in Drosophila. Nevertheless, much more information on the mutational patterns of different DNA sequences in different regions of the genome must be gathered before reliable estimates can be obtained of both the average profiles of length mutations and the extent to which they may vary from one region or type of DNA sequence to the next.
